Wilsterman K, Gotlieb N, Kriegsfeld LJ, Bentley GE. Pregnancy stage determines the effect of chronic stress on ovarian progesterone synthesis. though stress-induced glucocorticoid release is thought to be a primary driver by which maternal stress negatively impacts pregnancy outcomes, the downstream neuroendocrine targets mediating these adverse outcomes are less well understood. We hypothesized that stress-induced glucocorticoid secretion inhibits pituitary hormone secretion, resulting in decreased ovarian progesterone synthesis. Using a chronic restraint model of stress in mice, we quantified steroid hormone production, pituitary hormones, and expression of ovarian genes that support progesterone production at both early (day 5) and midpregnancy (day 10). Females subjected to daily restraint had elevated baseline glucocorticoids during both early and midpregnancy; however, lower circulating progesterone was observed only during early pregnancy. Lower progesterone production was associated with lower expression of steroidogenic enzymes in the ovary of restrained females during early pregnancy. There were no stress-related changes to luteinizing hormone (LH) or prolactin (PRL). By midpregnancy, circulating LH decreased regardless of treatment, and this was associated with downregulation of ovarian steroidogenic gene expression. Our results are consistent with a role for LH in maintaining steroidogenic enzyme expression in the ovary, but neither circulating PRL nor LH were associated with the stress-induced inhibition of ovarian progesterone production during early pregnancy. We conclude that chronic stress impacts endocrine networks differently in pregnant and nonpregnant mammals. These findings underscore the need for further studies exploring dynamic changes in endocrine networks participating in pregnancy initiation and progression to elucidate the physiological mechanisms that connect stress exposure to adverse pregnancy outcomes.
INTRODUCTION
Maternal stress increases the likelihood of adverse pregnancy outcomes in many mammals (31) , including humans (10, 35) . Adverse outcomes include total failure (miscarriage, or resorption) as well as a range of sublethal effects, including lower birth weight of offspring, slower growth rates, and altered social and anxiety behaviors (21, 22, 27) . One mechanism by which stress can produce these adverse outcomes is by increasing activity of the hypothalamic-pituitary-adrenal (HPA) axis; when animals experience stress, the HPA axis increases glucocorticoid release from the adrenal gland, and this release of glucocorticoids (above homeostatic levels) impacts pregnancy progression and fetal development (37, 38) . Some of these effects result from the inhibition of the primary pregnancy maintenance hormone, progesterone. If progesterone is too low during early pregnancy, embryo implantation and/or the pregnancy will fail (8, 20, 33) , and more broadly, low progesterone throughout pregnancy can adversely affect placental growth and development (7) .
Circulating progesterone during early pregnancy in humans and other mammals is inversely correlated with circulating glucocorticoids (15, 19, 28) , and stress exposure during pregnancy is associated with lower circulating progesterone concentrations (25, 28, 39) . Despite clear evidence of these associations, the pathway by which glucocorticoids inhibit progesterone production during pregnancy is unknown (28, 37) .
In nonpregnant female mammals, glucocorticoids regulate ovarian function primarily through action on the hypothalamus and pituitary. For example, in nonpregnant females, glucocorticoids alter hypothalamic and pituitary hormone release [including luteinizing hormone (LH) and prolactin (PRL)], and these changes can result in lower sex steroid production (estrogens and progestogens) from the ovary (37) . The association between glucocorticoids and progesterone release during pregnancy could potentially reflect action through these same circuits. However, as described below, pregnancy requires substantial changes to regulatory networks and activity of endocrine axes (the reproductive axis being only one of many), and it is therefore possible that the association between glucocorticoid and progesterone production during pregnancy results from novel, as yet unidentified interactions among endocrine organs or from interactions that are less important in nonpregnant females. Furthermore, pregnancy is dynamic, and the effects of chronic stress on endocrine outcome measures (including glucocorticoid and progesterone production) are likely to change across pregnancy progression.
In rodents, the amount of progesterone produced during pregnancy depends on steroidogenic activity in the corpora lutea in the ovary. Increased steroidogenic activity by the corpora lutea is a function of activity across two pathways (26, 34) . First, inhibition of the enzyme 20␣HSD, which usually metabolizes progesterone and second, increased expression of steroidogenic enzymes, especially P450 cholesterol side-chain cleavage enzyme (P450SCC). The pituitary hormones PRL and LH control these pathways, respectively (3, 4, 26, 34) . Failure or decreased function of any of these signaling pathways within the ovary during early pregnancy can increase the likelihood of adverse pregnancy outcomes (3, 14, 17) . Though the placenta begins to contribute progesterone to circulation by midpregnancy (32, 34) , the ovary is thought to be required for pregnancy maintenance throughout gestation in mice (23) .
We hypothesized that chronic stress affects ovarian steroidogenesis across the first half of pregnancy (early to midpregnancy) by modulating the pituitary hormones (LH, PRL) that mediate these responses in nonpregnant animals. To test this possibility, we used chronic restraint to model chronic stress in mice, and we measured pituitary and ovarian hormone production and gene expression in candidate ovarian steroidogenic pathways during early and midpregnancy. We predicted that restrained females would have elevated circulating concentrations of glucocorticoids, specifically corticosterone, which would be associated with lower circulating progesterone. Furthermore, we predicted that the pituitary hormone signaling (circulating concentrations of PRL or LH and receptor expression in the ovary) would be concomitantly lower in restrained females.
METHODS
Animals. C57BL/6J mice were purchased from the Jackson Laboratory (Sacramento, CA) and housed in ventilated cages on a 14:10 light/dark cycle (lights on at 0600, lights off at 2000) with ad libitum access to food and water. Experimental animals were pair-housed with the males throughout the experiment. All animals were allowed to acclimate for at least 1 wk. Females used in these experiments were 8 -10 wk old. All protocols were approved by the University of California Berkeley Office of Laboratory Animal Care and were consistent with NIH guidelines for the care and use of laboratory animals.
Experimental procedures. Successful mating was determined either through observation of at least two ejaculations during timed mating trials or by the identification of a vaginal plug the morning following pairing. The morning after mating or on which a vaginal plug was found was considered day 1 of pregnancy. Females were then pseudorandomly assigned to restraint stress or control (unrestrained) groups such that females that mated on the same day were distributed across experimental groups. In this way, assignment between groups was balanced across the length of the experiment (see Table 1 for total sample sizes). All females were weighed each morning before treatment. Animals assigned to the chronic restraint stress group were moved each morning, beginning on day 1, to a separate room where they were restrained in a modified 50 ml plastic tube. Animals were also exposed to predator odor during restraint. Each day, 15 l of predator odor (undiluted fox urine, Minnesota Trapline, Inc., Pannock, MN) was freshly soaked into a new cotton ball and placed in the cage with each mouse during restraint. Daily restraint lasted 4 h from 0800 to 1200 (relative to lights on). Restraint was repeated daily until tissue collection. Unrestrained females remained in their home cages.
Females were euthanized on either day 5 (early) or day 10 (mid-) pregnancy. All animals were euthanized via intraperitoneal injection of sodium pentobarbital (200 mg/kg) followed by rapid decapitation or perfusion. In animals euthanized via decapitation, trunk blood was collected into 1.5-ml Eppendorf tubes, and the ovaries were rapidly dissected from the body, cleaned of fat, and flash-frozen in isopentane on dry ice. The number of developing fetuses for each side of the uterus was counted in females collected at midpregnancy, and fetal developmental abnormalities or resorption sites were recorded by an observer unaware of the individual's treatment. In animals euthanized via perfusion, blood was collected via the retro-orbital sinus immediately before perfusion; the uterus and ovaries were clamped and removed before perfusion, and these tissues were immediately dissected and frozen as previously described. Tissues were stored at Ϫ80°C until extraction and analysis. Blood was centrifuged at 1,300 relative centrifugal force for 10 min and serum removed. Serum was centrifuged a second time for 1 min and then aliquoted and stored at Ϫ80°C. Blood samples were collected an average of 2:41 (SD 0:30) min from lifting the cage [average (SD)] with a median time to collection of 2:37 (n ϭ 46). Samples collected more than 4 min after lifting the cage were excluded from analyses.
Hormone analyses. Progesterone was quantified using Cayman Chemical Progesterone ELISA (cat. no. 582601, Ann Arbor, MI). Intra-and interassay variations for progesterone were 3.9% and 5.1%, respectively. Baseline corticosterone was quantified using Enzo corticosterone ELISA kit (ADI-900 -097; Enzo Life Sciences, Inc., Farmingdale, NY) using the manufacturer's protocol for small sample volumes. Intra-and interassay variations were 4.8% and 7.9%, respectively. LH levels were quantified using an LH ELISA, modified from (2) . The protocol was kindly provided by Jens D. Mikkelsen (Copenhagen University Hospital, Denmark). Briefly, 96-well microtiter plates were coated with 50 l of bovine LH␤ 518B7 monoclonal antibody (kindly provided by Lillian E. Sibley, UC Davis) and incubated overnight at 4°C. Excess antibody was removed, and the plates were washed with 200 l/well of 10 mM PBS with 0.05% Tween 20. The plates were blocked using 5% skim milk powder in PBS with 0.05% Tween 20 and incubated for 1 h at room temperature. Following washes, 50 l of sample or standards of mouse LH [mouse radioimmunoassay (RIA) kit, AF Parlow, National Hormone and Pituitary program, University of California, Harbor Medical Center, Los Angeles, CA], diluted in assay buffer, were added per well in duplicates and incubated for 2 h at room temperature. The plates were washed, and 50 l of rabbit polyclonal LH antibody (AFP240580Rb, AF Parlow, National Hormone and Pituitary program, University of California, Harbor Medical Center, Los Angeles, CA) were added into each well, then incubated at room temperature for 90 min. After washing, 50 l polyclonal goat anti-rabbit IgG conjugated to horseradish peroxidase (cat. no. P0448, DAKO Cytomation) was added at 1:2,000 dilution and incubated for 1 h at room temperature. After washing, 100 l of o-Phenylenediamine (Invitrogen, cat. no. 00 -2003) in citrate buffer were added to all the wells. The color reaction was allowed to develop for 30 min in the dark. The enzyme was stopped by adding 50 l of 3 M HCl per well and the optical density of each well was immediately read at 490 nm with a reference of 655 nm.
Samples that did not reach the limit for detection for the LH assay were assigned the lowest measurable value (0.078 ng/ml; n ϭ 7, all females from midpregnancy). Intra-and interassay variations were 5.9% and 3.59%, respectively.
Three samples (all in the midpregnancy group) gave values that were nearly 10 times greater than the average of all other samples [1.19, 1.71, and 2.12 ng/ml compared with the average of 0.18 ng/ml (range: 0.078 -0.53 ng/ml)]. Such values are comparable to LH values measured in ovariectomized mice that were run in the same assay as internal controls. However, we could not determine any reason to suspect that the values measured were inaccurate. Accordingly, we include these data points in the figure and present analyses with and without these samples included. PRL was assayed using the mouse prolactin ELISA kit from Abcam (cat. no. ab-100736, Cambridge, MA). Intra-assay variation for PRL was 2.8%.
Some samples did not have sufficient serum to quantify all hormones, thus sample sizes vary for different hormone measures.
Gene expression analysis. Total RNA was extracted from whole ovaries (ISOLATE II RNA Mini-kit, BIO-52073, Bioline USA Inc., Taunton, MA). The RNA quality of a random subset of samples (n ϭ 10) was analyzed on an Agilent Technologies Bioanalyzer and yielded an average RNA integrity number of 9.5 (range: 8.8 to 10). We reverse transcribed 1.0 g of RNA (iScript Advanced cDNA synthesis Kit for RT-qPCR, Bio-Rad Laboratories Inc., Hercules, CA). cDNA was diluted 1:25 in nuclease-free water immediately before performing quantitative PCR. Quantitative PCR was performed using duplicate 10-l reactions with a 2-step amplification for 40 cycles followed by a melt curve. All primers used were validated before analyses by confirming single-peak melt curves, correct product length, and acceptable efficiency (all primer pairs between 85% and 101% efficiency). Primer sequences and annealing temperature are provided in Table 2 . Any wells with aberrant melt-curves were excluded from expression analysis. C T values were corrected for efficiency, and relative expression was calculated using methods by Pfaffl and colleagues (29) . All data are expressed as fold-change over midpregnancy (day 10), restrained individuals.
Statistical analyses. All analyses were run in RStudio 0.98.1091 with the nlme and multcomp packages.
We evaluated the change in mass across pregnancy in the restrained and unrestrained groups by calculating percent change in mass per day (of initial body mass) from days 1-6 and days 6 -9. We identified day 6 as the point at which chronically stressed females began to gain mass by visually inspecting mass across pregnancy ( Fig. 1 ). Slope was statistically evaluated using a one-way ANOVA (hereafter, AOV) with post hoc comparisons among means using a Holms-Sidak correction for multiple comparisons.
Progesterone, corticosterone, and LH were log-transformed for analyses to meet assumptions of residual normality. Blood collection method (retro-orbital vs. trunk blood) significantly affected progesterone measurements, and because samples collected from animals at day 5 were all collected via retro-orbital bleeds, we only included progesterone measurements from day 10 animals that were collected via the retro-orbital sinus in the analysis. We ran a one-way ANOVA with planned contrasts to test for differences among groups based on our a priori predictions. We tested for differences between restrained and unrestrained individuals during early and midpregnancy (planned contrasts 1 and 2), and we tested for differences between early and midpregnancy (planned contrast 3). The correlations between baseline corticosterone and progesterone were assessed using Pearson's product-moment correlation. A difference in circulating PRL between restrained and unrestrained animals during early pregnancy was analyzed using Welch's two sample t-test.
Gene expression analyses were carried out using a repeated-measures linear regression model including a random effect of individual to account for use of both ovaries. All genes were log-transformed to fulfill assumptions of normality of residuals. Again, we used planned contrasts to test for a priori differences. We used Pearson's productmoment correlation to examine correlations between expressed genes. All tests were considered statistically significant at P Ͻ 0.05. Because we used planned comparisons, we did not correct P values for multiple comparisons. Figures show untransformed data and use mean Ϯ SE, except where noted.
RESULTS
Females exposed to chronic restraint stress lost body mass during early pregnancy in contrast to unrestrained (CON) females, which gained mass (Fig. 1A) . Once chronically stressed (STR) females began gaining mass (after day 6), they gained mass at the same rate as unrestrained animals (one-way Primers for PRLRL were taken from (6) . LHR, luteinizing hormone receptor; PRLRL, long-form prolactin receptor; StAR, steroidogenic acute regulatory protein; TA, annealing temperature. Fig. 1 . A: patterns of weight gain across pregnancy in unrestrained mice (CON, light line; n ϭ 20) and mice exposed to chronic restraint stress (STRESS, dark line; n ϭ 23). B: when exposed to chronic restraint stress, pregnant female mice (dark bar) lost mass during early pregnancy (days 1 to 6) relative to pregnant unrestrained mice, which gained weight (light bar). However, during midpregnancy (after day 6), chronically stressed females gained mass at rates comparable to unrestrained females (though absolute mass is still less than unrestrained females; see 2A). a,b,c Significantly different post hoc comparison (P Ͻ 0.03 for all). ANOVA: F 3,42 ϭ 44.07, P Ͻ 5e Ϫ13 ; Fig. 1B ). Regardless of treatment, pregnant mice gained mass between successful mating and midpregnancy (CON: 2.80 Ϯ 0.13 g; STR: 0.63 Ϯ 0.12 g); however, unrestrained females gained more mass (Welch's t-test, t 17.5 ϭ 12.03, P Ͻ 7e Ϫ10 ; Fig. 2A ).
There were no overall differences in total number of fetuses per female at midpregnancy (data not shown, P Ͼ 0.3). However, evidence of early resorption and underdeveloped fetuses was apparent in 2 of 15 females (13%) exposed to daily restraint stress, whereas 0 of 12 (0%) unrestrained females showed signs of resorption or underdeveloped fetuses.
Steroid hormones. Baseline corticosterone (CORT) increased as pregnancy progressed ( Fig. 2A ; AOV: F 3,28 ϭ 10.65, P Ͻ 8e Ϫ5 ; Pregnancy: t ϭ 2.573, P Ͻ 0.015). Chronic restraint stress elevated baseline CORT during both early and midpregnancy ( Fig. 2A ; AOV: F 3,28 ϭ 10.65, P Ͻ 8e Ϫ5 ; planned contrasts: early: t ϭ 2.554, P Ͻ 0.016; mid: t ϭ 4.11, P Ͻ 0.0003). Chronic stress also resulted in lower circulating progesterone but only during early pregnancy ( Fig. 2B ; AOV: F 3,26 ϭ 16.26, P Ͻ 4e Ϫ6 ; planned contrasts: early: t ϭ Ϫ5.776, P Ͻ 5e Ϫ6 ; mid: t ϭ 0.492, P Ͻ 0.63). Baseline CORT was correlated with circulating progesterone during early pregnancy ( Fig. 2C ; Pearson R ϭ Ϫ0.78, t 7 ϭ Ϫ3.32, P Ͻ 0.013) but not during midpregnancy (Pearson R ϭ 0.16, t 9 ϭ 0.48, P Ͼ 0.60).
Pituitary hormones. Circulating PRL did not differ between unrestrained and chronically restrained females during early pregnancy ( Fig. 3A ; Welch's t-test t 7.984 ϭ Ϫ1.27, P ϭ 0.24). When all LH measures are included the analyses, circulating LH did not vary across pregnancy or with treatment (P Ͼ 0.15 for all). However, these three points in the midpregnancy group (see Fig. 3B ) are all at least two times greater than any other measured value and when included they are responsible for a fivefold increase in standard deviation within the midpregnancy group. When these points are excluded, circulating LH was lower during midpregnancy relative to early pregnancy (AOV: F 3,26 ϭ 4.711, P Ͻ 0.009; planned contrasts: pregnancy: t ϭ Ϫ3.72, P Ͻ 0.0009), though it still did not differ between unrestrained and chronically restrained females ( Fig.  3B ; planned contrasts: early: t ϭ 0.091, P Ͻ 0.93; mid: t ϭ 0.773, P Ͻ 0.45).
Ovarian gene expression. During early pregnancy, the expression of two steroidogenic enzymes [steroidogenic acute A: baseline corticosterone was elevated in chronically stressed (STR), pregnant female mice relative to unrestrained (CON) females at both day 5 and day 10 of pregnancy. Baseline corticosterone (CORT) increased from early to midpregnancy (day 5 to day 10) and was elevated in restrained females relative to unrestrained at both time points. Day 5: CON, n ϭ 5; STR, n ϭ 4; day 10: CON, n ϭ 11; STR, n ϭ 12. B: baseline progesterone was lower in chronically stressed, pregnant female mice on day 5 relative to CON females but not on day 10. C: on day 5, baseline corticosterone was inversely correlated with circulating progesterone. Day 5: CON, n ϭ 10; STR, n ϭ 9; day 10: CON, n ϭ 5; STR, n ϭ 6. **P Ͻ 0.02; ***P Ͻ 0.001, planned comparisons. regulatory protein (StAR) and P450 cholesterol side-chain cleavage enzyme (SCC)] were lower in chronically stressed animals compared with unrestrained females (StAR, early: t 34,32 ϭ Ϫ3.46, P Ͻ 0.0015; SCC, early: t 34,32 ϭ Ϫ2.41, P Ͻ 0.0220; Fig. 4 ). Expression of these genes in the ovary during midpregnancy was lower relative to early pregnancy, and there was no difference in expression between chronically stressed and unrestrained individuals during midpregnancy (StAR, pregnancy: t 34,32 ϭ Ϫ7.21, P Ͻ 0.0001, mid: t 34,32 ϭ Ϫ0.043, P Ͻ 0.96; SCC, pregnancy: t 34,32 ϭ Ϫ8.30, P Ͻ 0.0001, mid: t 34,32 ϭ Ϫ0.414, P Ͻ 0.68; Fig. 4 ). Expression of the long prolactin receptor isoform (PRLRL) was lower in restrained females during early pregnancy (early: t ϭ Ϫ2.28, P Ͻ 0.029; Fig. 5A ) but not during midpregnancy (mid: t ϭ Ϫ0.084, P Ͻ 0.93), and there was no overall difference in expression between early and midpregnancy (pregnancy: t ϭ Ϫ0.772, P Ͻ 0.45). Expression of the receptor for LH (LHR) and the enzyme 20␣HSD decreased during midpregnancy relative to early pregnancy (LHR, pregnancy: t ϭ Ϫ4.62, P Ͻ 0.0001; 20␣, pregnancy t ϭ Ϫ5.22, P Ͻ 0.0001), but there was no difference related to stress treatment (LHR: early: t ϭ Ϫ0.59, P Ͻ 0.56; mid: t ϭ 0.43, P Ͻ 0.67; 20␣: early: t ϭ Ϫ0.077, P Ͻ 0.94; mid: t ϭ 0.62, P Ͻ 0.54; Fig. 5, B and C) .
We found a strong correlation between the expression of PRLRL and expression of the two steroidogenic enzymes (StAR and SCC; Fig. 6 ). The relationships between the steroidogenic enzymes and PRLRL were consistent between early pregnancy (day 5; SCC: Pearson R ϭ 0.98, t 34 ϭ 29.60, P Ͻ 2.2e Ϫ16 ; StAR: Pearson R ϭ 0.97, t 34 ϭ 26.82, P Ͻ 2.2e Ϫ16 ), and midpregnancy (Day 10; SCC: Pearson R ϭ 0.83, t 32 ϭ 8.37, P Ͻ 1.47e Ϫ9 ; StAR: Pearson R ϭ 0.89, t 32 ϭ 11.25, P Ͻ 1.18e Ϫ12 ). The relationships between these gene transcripts shift in late pregnancy; the steroidogenic enzymes are downregulated, whereas there is no longer a difference between restrained and unrestrained females in PRLRL (see Fig. 4, A and B and Fig. 5A ). However, the slope of the line that explains the correlation between steroidogenic enzymes and PRLR-L appears to be similar (Fig. 6, A and B) . DISCUSSION We found that ovarian progesterone production is sensitive to restraint stress. Our results suggest that glucocorticoids do not inhibit progesterone release during pregnancy via a top-down (hypothalamic-pituitary) mechanism within the HPG axis, because basal pituitary LH and PRL secretion were unaffected by stress. The downregulated expression of steroidogenic enzymes in the ovary by midpregnancy suggests that the majority of circulating progesterone at this time point may no longer be from the ovary. In contrast to the ovary during early pregnancy, midpregnancy progesterone synthesis appears resilient to restraint stress and elevated baseline glucocorticoids. Though there have been concerted efforts to understand the extent to which chronic stress alters reproductive outcomes, our results make it clear that there is substantial work still needed to describe and to test the basic interactions between the HPA and reproductive axes across different stages of pregnancy. Understanding the functional network between these and other endocrine axes during pregnancy will help to establish the mechanisms connecting maternal stress to reproductive failure.
Effects of stress-induced CORT release on progesterone during early pregnancy. The inverse correlation we found between baseline CORT and progesterone production during early pregnancy is consistent with other rodent studies (18, 19) . Direct action of CORT on ovarian progesterone synthesis is unlikely to explain the relationship between circulating CORT and progesterone (for more, see 24, 26, 36, 37) , and we found no evidence to support the hypothesis that chronic stress alters the basal release of pituitary hormones (LH and PRL) during early pregnancy. Instead, placental factors that regulate CORT metabolism (e.g., 11␤HSD) and/or ovarian progesterone synthesis (e.g., placental lactogens) are promising areas for further study. Careful attention to placental endocrine activity and sensitivity in vivo during early pregnancy, especially related to glucocorticoid receptor isoform expression (5), may facilitate the identification of new functional mechanisms by which CORT impacts progesterone synthesis.
In addition, progesterone production and CORT secretion during pregnancy could be connected through other shared upstream regulators. Because restraint stress resulted in initial loss of body mass, suggesting that restrained females entered a negative energy balance, endocrine or metabolic signals associated with changes in energy balance could be responsible for changes to baseline CORT and progesterone production. For example, the adipose hormone leptin promotes ovarian progesterone production (13) is inhibited by chronic stress (11, 12) and is inversely related to CORT during negative energy balance in mice (1) . Mapping the interactions between energy balance circuits and reproductive function specifically in early pregnancy is likely to identify new connections between stress and adverse pregnancy outcomes. Progesterone production during midpregnancy. In midpregnancy, StAR and SCC were dramatically downregulated relative to early pregnancy, and there were no longer any differences in gene expression between restrained and unrestrained females. The decrease in expression of StAR and SCC suggests that ovarian steroidogenic activity is lower in midpregnancy. Although these results counter the classic suggestion that the ovary is required for progesterone production throughout pregnancy in mice (23) , they are consistent with the idea that decreasing pituitary LH release by midpregnancy causes a decline in ovarian progesterone production (34) . In further support of the latter idea, circulating LH concentrations were lower during midpregnancy relative to early pregnancy in this study. We also found a novel correlation between PRLRL and StAR and SCC. The strong coregulation between these genes and differential sensitivity to stress across pregnancy underscores the need to understand the regulatory networks that control ovarian progesterone production better.
Even though restrained females continued to exhibit elevated baseline CORT during midpregnancy, circulating progesterone no longer differed between restrained and unrestrained females. Moreover, even though progesterone remained elevated, steroidogenic genes in the ovary were considerably downregulated, suggesting the ovary is much less steroidogenically active by midpregnancy. Circulating progesterone during midpregnancy may instead reflect placental steroidogenesis. Interestingly, circulating progesterone appears to be insensitive to chronic stress (elevated CORT) during midpregnancy. Further work to establish the source of midpregnancy progesterone is needed to determine how the apparent insensitivity to CORT develops across pregnancy.
Caveats. Though our results present a relatively clear picture of how chronic stress affects reproductive function during the first half of pregnancy, there are some important caveats. First, only ovarian mRNA, not protein, was measured, raising the possibility that protein expression and activity may differ meaningfully. Second, both PRL and LH are released in a pulsatile fashion such that single time point measurement may miss dynamic changes in the pulse rate or peak size for either hormone resulting from chronic stress exposure. The three LH samples showing exceptionally high values may reflect the pulsatile nature of this hormone, whereas the majority (31/33) measures reflect basal levels as expected. Evaluating upstream changes in protein and gene expression within the pituitary and hypothalamus and/or serial blood samples would be required to determine conclusively whether temporal changes in pituitary hormone production and release could explain the relationship between glucocorticoids and progesterone during early pregnancy. However, most studies evaluating the effects of stress on pituitary hormone release (LH in particular) find differences using single time point measures (e.g., 16, 30) , and we were able detect a change in LH across pregnancy.
More broadly, it is worth considering that animals or people that experience chronic stress during pregnancy are likely to experience stress before pregnancy as well. Geraghty et al. (9) showed that chronic stress before pregnancy in rats was associated with lower reproductive success, but that these effects could be A: long-form prolactin receptor (PRLRL) was not inhibited by chronic restraint during early pregnancy but not during midpregnancy. B: luteinizing hormone receptor (LHR) was not affected by restraint stress during early pregnancy but showed substantial downregulation by midpregnancy in both groups. C: 20␣HSD (20␣) was also not affected by restraint stress during early pregnancy but was downregulated in the ovary by midpregnancy in both groups. Plot shows untransformed data. Day 5: CON, n ϭ 20; STR, n ϭ 16; day 10: CON, n ϭ 18; STR, n ϭ 17. Samples sizes report number of ovaries. Both ovaries were used from most individuals within a repeated measures analysis (see METHODS, Statistical analyses). *P Ͻ 0.05; **P Ͻ 0.02; ***P Ͻ 0.001, planned comparisons. ameliorated by inhibiting production of a stress-induced neuropeptide, gonadotropin-inhibitory hormone, in the hypothalamus leading up to pregnancy. Thus, their results demonstrate that effects of chronic stress on central (hypothalamic) processes can explain some stress-related reproductive failures that occur during pregnancy. Whether we can differentiate between mechanisms that come into play before pregnancy versus during pregnancy and furthermore, whether this difference is functionally meaningful will be important moving forward.
Conclusions. Taken together, our results present a first step toward identifying the endocrine network that connects psychological stress to reproductive function during early preg-nancy. Importantly, the effects of chronic stress on the reproductive axis during pregnancy do not seem to be acting through the well-known circuits that play a role in nonpregnant females. Combining hormone production measures and ovarian gene expression across pregnancy progression offers a new perspective for understanding the endocrine networks through which stress impacts pregnancy. 
